Abstract The H2 allele of APOC1, giving rise to increased gene expression of apolipoprotein C-I (apoC-I), is in genetic disequilibrium with the APOE4 allele and may provide a major risk factor for Alzheimer's disease (AD). We found that apoC-I protein is present in astrocytes and endothelial cells within hippocampal regions in both human control and AD brains. Interestingly, apoC-I colocalized with b-amyloid (Ab) in plaques in AD brains, and in vitro experiments revealed that aggregation of Ab was delayed in the presence of apoC-I. Moreover, apoC-I was found to exacerbate the soluble Ab oligomer-induced neuronal death. To establish a potential role for apoC-I in cognitive functions, we used human (h) APOC1 1/0 transgenic mice that express APOC1 mRNA throughout their brains and apoC-I protein in astrocytes and endothelial cells. The hAPOC1 1/0 mice displayed impaired hippocampal-dependent learning and memory functions compared with their wild-type littermates, as judged from their performance in the object recognition task (P 5 0.012) and in the Morris water maze task (P 5 0.010). ApoC-I may affect learning as a result of its inhibitory properties toward apoE-dependent lipid metabolism. However, no differences in brain mRNA or protein levels of endogenous apoE were detected between transgenic and wild-type mice. In conclusion, human apoC-I expression impairs cognitive functions in mice independent of apoE expression, which supports the potential of a modulatory role for apoC-I during the development of
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Although apoE4 is a well-established and strong risk factor of AD in Caucasians and in European-Americans, it is not associated with AD in African-Americans. Interestingly, the frequency of APOC1 H2 with apoE4 is 0.85 in European-Americans but only 0.55 in African-Americans, whereas the frequency of APOC1 H2 with apoE3 is 0.02 in European-Americans and 0.08 in African-Americans (5). This has led to the hypothesis that the H2 allele of APOC1 may be an independent or additional risk factor for AD (8, 9, 15, 16) and that not apoE4 but rather apoC-I modulates the pathogenesis of AD (17) .
The physiological roles of apoC-I have not yet been established in detail. Studies with mice overexpressing human apoC-I (18) revealed gene dose-dependent effects on circulating levels of triglycerides (TGs), FFAs, and total cholesterol (19, 20) . This may be attributable to the interference of apoC-I with apoE-dependent clearance of TGrich lipoproteins by the low density lipoprotein receptor family in the liver (21) (22) (23) and by modulation of the activity of enzymes involved in plasma lipid metabolism (24, 25) .
The presence of relatively high levels of apoC-I within the brain (4) suggests a role for this apolipoprotein in brain lipid metabolism. Disturbances in brain lipid metabolism can lead to cognitive impairments in humans and in rodents, indicating that a well-regulated brain lipid metabolism is necessary for normal brain functioning (26) (27) (28) (29) (30) . Therefore, we examined the localization of apoC-I in postmortem brains of AD-and control patients, the interaction of apoC-I with b-amyloid (Ab) in vitro, and assessed learning and memory functions as well as indices of brain lipid metabolism in transgenic mice hemizygous for human apoC-I (hAPOC1 1/0 ) and their wild-type littermates.
MATERIALS AND METHODS

Immunohistochemistry
Postmortem human brain samples were obtained from the Netherlands Brain Bank (Amsterdam, The Netherlands). Brains were characterized with respect to their neuropathological status following criteria established by Khachaturian (31) . Samples from nondemented subjects displaying no neuropathological changes related to AD or any other neurodegenerative disorder were designated as controls. Immunohistochemical procedures were similar to those used in mouse brain. Mice were anesthetized and perfused transcardially with PBS followed by Somogyi fixative as described (32) . After removal, the brain was transected midsagittally, and the lateral block was postfixed in the same fixative (4jC, overnight) and cryoprotected in sucrose (10% for 24 h followed by 30% for 1-2 weeks) in 0.1 M phosphate buffer. The cryostat sections (35 mm) were incubated overnight at 4jC with the following primary antibodies: goat anti-human apoC1 (Academy Bio-Medical Co., Houston, TX), rabbit anti-glial fibrillary acidic protein (GFAP) (DAKO), rabbit anti-amyloid b (Ab) (Calbiochem Immunochemicals, San Diego, Ca), rabbit anti-von Willebrand factor (Abcam, Cambridge, UK), rabbit antihuman apoE (DAKO), and goat anti-mouse apoE (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); or for 1 h at room temperature with biotinylated Lycopersicon esculentum (tomato) lectin (Vector Laboratories, Inc., Burlingame, CA). Subsequently, sections were incubated for 1 h at room temperature with the following antibodies: biotinylated donkey anti-goat and subsequently with avidin-biotin solution of the Vectastain ABC Elite Kit (Vector Laboratories), FITC-conjugated donkey anti-goat (Santa Cruz Biotechnology), or Texas Red-conjugated donkey anti-rabbit (Abcam). Sections were also incubated with donkey anti-rabbit biotin (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) followed by avidin-Texas Red (Vector Laboratories). Autofluorescence was blocked by incubation for 75 s in 0.3% Sudan Black (Sigma) solution in ethanol. The samples were imaged using a Bio-Rad MRC600 confocal microscope (Bio-Rad Laboratories, Ltd., Hemel Hempstead, UK).
In situ hybridization
In situ hybridization with human APOC1-specific end-labeled oligonucleotide probes was performed on 20 mm cryostat sections as described (33) . One hundred microliters of the riboprobe mix (murine probe, 5 ¶-CTTCAGTTTATCCGGTATGCTCTCCAATG-TTCCGGACAAATCC-3 ¶; mismatch murine probe, 5 ¶-CgTCAGTgTATCCtGTATGaTCTCCcATGTTaCGGACcAATCC-3 ¶; human probe 1, 5 ¶-TGTGTTTCCAAACTCCTTCAGCTTATCCAAGGCA-CTGGAGACG-3 ¶; mismatch human probe 1, 5 ¶-TtTGTTTaCAAACgCCTTCcGCTTAgCCAAGtCACTGtAGACG-3 ¶) was applied to each slide, which was then covered with a standard microscopic coverslip and put in a moist chamber for overnight hybridization at 53jC. The next day, the slides were washed, treated with RNase A, dehydrated in a graded ethanol series, and put in a cassette, and X-Omat AR film (Kodak, Rochester, NY) was exposed to the sections for 14 days.
Animals
Transgenic mice with high expression of human APOC1 in the liver and a moderate expression in the brain were generated as described previously (19, 34) . Female human apoC-I (hAPOC1 1/0 ) transgenic mice (n 5 12) and their wild-type littermates (n 5 14) were bred at TNO-Quality of Life in Leiden, The Netherlands. Mice were housed under standard conditions in conventional cages and provided a standard chow diet and water ad libitum; lights were on from 7:00 AM to 7:00 PM in a temperature-and humidity-controlled room. The ethical board of Maastricht University approved all of the experimental procedures.
Behavioral testing
Twelve month old mice were subjected to behavioral tests between 9:00 AM and 3:00 PM. The experimenters were unaware of the genetic background of the mice. There were no differences in the results in the mice tested early or late on the days of the experiment.
The object recognition task measures whether a mouse remembers an object it has explored in a previous learning trial. The task was performed in a circular arena with a diameter of 49 cm, as described previously (35) .
Eight days before being subjected to the Morris water escape task, the mice were housed individually. The spatial discrimination performance of the mice was assessed as described previously (35, 36) .
Phospholipid profile determination
One milliliter of a chloroform-methanol (2:1) extract of total brain homogenates was dried under a nitrogen stream, and the extracted lipids were dissolved in methanol-chloroform (2:1) for separation and quantification by high-performance thin-layer chromatography (37) .
Sterol profile determination
Serum and brains were snap-frozen in liquid nitrogen. Brains were spun in a speed vacuum dryer (12 mbar) (Savant AES 1000) ApoC-I: role in learning and memoryfor 48 h to relate individual sterol concentrations to dry weight. The sterols were extracted from 100 ml of serum in the same manner. Levels of cholesterol were determined in a gas chromatographflame ionization detector, and levels of plant sterols (campesterol and sitosterol), cholesterol precursors (lanosterol, lathosterol, and desmosterol), and cholesterol metabolites [24(S)-hydroxycholesterol and cholestanol] were determined using gas chromatography-mass spectrometry as described previously (38) .
RNA isolation and quantitative real-time PCR procedures
Total RNA was isolated using the Trizol method (Invitrogen, Breda, The Netherlands) according to the manufacturer's instructions. The integrity of RNA was checked by agarose gel electrophoresis, and RNA concentration was measured spectrophotometrically (NanoDrop; Witec AG, Littau, Germany).
Quantitative real-time (QRT)-PCR was performed using an Applied Biosystems 7700 sequence detector with 1.6.3 software (Perkin-Elmer Corp., Foster City, CA) as described previously (39) with modifications (40) . Primer sequences are available upon request. Primers were obtained from Invitrogen. Fluorogenic probes, labeled with 6-carboxy-fluorescein and 6-carboxytetramethyl-rhodamine, were made by Eurogentec (Seraing, Belgium).
Thioflavin-T fluorimetric assay
The fibril formation of Ab(1-40) peptide was measured by a thioflavin-T binding assay as described previously (41, 42) . Both apoA-I and apoC-I were purified from human plasma lipoproteins as described (43) . The apolipoproteins were nonlipidated. oligomers in the absence or presence of apoC-I or apoA-I at an apolipoprotein/Ab peptide molar ratio of 1:100, as described previously (80) . Soluble Ab oligomers and apolipoproteins were mixed and incubated at 37jC for 10 min before cell exposure. Soluble Ab oligomer-induced cell death was monitored using a Live/Dead Viability/Cytotoxicity Kit (A) and the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (B). Data are means 6 SEM of three different experiments with four determinations each and are normalized to the effect of vehicle, designated as 100%. Statistical differences among the subgroups for each condition were determined by ANOVA followed by Scheffe's post hoc test (P , 0.05). No significant difference was found between apolipoprotein-treated and control cells in the absence of soluble Ab oligomers.
Neuronal cell culture studies
Primary cultures of cerebral cortical neurons were prepared from embryonic day 15 C57BL/6J mouse fetuses as described previously (44) . Briefly, dissociated cells were plated at 10 5 cells/ cm 2 in plastic dishes or on glass coverslips precoated overnight with poly-DL-ornithine (1.5 or 15 mg/ml, respectively). The cells were cultured in a chemically defined DMEM/F12 serum-free medium and supplemented with insulin (500 nM), putrescine (60 mM), sodium selenite (30 nM), transferrin (100 mM), progesterone (100 nM), and 0.1% (w/v) ovalbumin. Cultures were maintained at 35jC in a humidified 6% CO 2 atmosphere. After 6-7 days in vitro, the cellular population was determined to be at least 95% neuronal by immunostaining, as described previously (45) . Cortical neurons were treated in the absence or presence of APOC1 at 6-7 days in vitro for the indicated times with soluble oligomers of Ab(1-40), prepared as described (44) .
Neuronal viability and apoptosis
Cell viability was initially determined by morphological observation. Ab neurotoxicity was also assessed quantitatively by monitoring mitochondrial reduction activity using the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as described previously (44) . The simultaneous determination of live and dead cells was achieved with the Live/Dead Viability/ Cytotoxicity Kit (Roche Molecular Biochemicals, Paris, France) according to the manufacturer's instructions.
Statistics
Group differences in behavioral tests were analyzed using a one-or two-factor ANOVA (group or group and day, respectively). In case of nonnormal distribution of the data, the data were transformed logarithmically. To determine the spatial bias in the probe trial of the Morris task, the time the mice spent in the different quadrants was evaluated. Group differences in sterol/ phospholipid analysis, body weight, and temperature changes were evaluated using a t-test. Statistical significance in QRT-PCR experiments was determined by comparing means using an unpaired Student's t-test and a Mann-Whitney U-test.
RESULTS
We performed an immunohistochemical analysis of apoC-I on human hippocampal sections (CA1 region) of control and AD patients. ApoC-I protein was detectable primarily in astrocytes in control and AD brains (Fig. 1A) , as is evident from its colocalization with GFAP. In addition, in the AD as well as in the control brains, apoC-I was detected in endothelial cells lining the blood vessels, as demonstrated by its colocalization with von Willebrand factor (Fig. 1B) . Interestingly, we observed that apoC-I staining overlapped with the staining for Ab protein, the key protein of senile plaques that represent one of the hallmarks of AD (Fig. 1C) . However, not all Ab-positive plaques were positive for apoC-I. Moreover, human apoC-I colocalized with apoE in the same plaques in the brain of AD patients (Fig. 1C) .
To examine whether apoC-I might interfere directly with the aggregation of Ab, we incubated Ab in the absence or presence of apoC-I or apoA-I peptides and Figure 2A shows the time course and the extent of aggregate formation, illustrating the different kinetics of aggregate formation for Ab peptide alone and in association with apoC-I or apoA-I peptides. Aggregate formation for Ab peptide alone as well as with apoA-I started after 110 min, whereas for the mixture of Ab and apoC-I, peptide initiation of aggregation was delayed up to 840 min. Figure 2B clearly shows reduced Ab(1-40) fibril formation in samples containing apoC-I peptides, whereas the presence of apoA-I peptide did not prevent fibril formation. ApoC-I did not affect the viability of cortical murine primary neurons (Fig. 3A) . However, apoC-I was found to exacerbate Ab(1-40)-induced neuronal cell death (Fig. 3A, B) . This modifying effect of apoC-I on Ab(1-40)-induced neuronal cell death was only observed if apoC-I was preincubated with Ab(1-40) and not when apoC-I was preincubated with the neurons for 24 h and Ab(1-40) was added after subsequent washing of the cells (data not shown). This indicated the requirement of physical interaction between the two peptides. This effect appears to be specific for soluble Ab(1-40), because apoC-I did not modify the toxicity of preaggregated Ab peptide (data not shown).
Next, we examined whether learning and memory functions are affected by the expression of human apoC-I, using hAPOC1 1/0 transgenic mice as an experimental model. In situ hybridization experiments demonstrated that human APOC1 mRNA is present throughout the brain of hAPOC1 1/0 transgenic mice. The specificity of the probe for human apoC-I was shown by the absence of staining in brains of wild-type mice (Fig. 4) . Human apoC-I protein could be demonstrated immunohistochemically in the hippocampus of hAPOC1 1/0 transgenic mice, whereas no immunopositive cells were observed in the hippocampus of wild-type mice (Fig. 5A) . To verify whether the distribution of human apoC-I over the specific brain cell 1/0 mice (n 5 9) display impaired performance in the object recognition task compared with wild-type (WT) littermates (n 5 14). One hour after a first trial using two identical objects, mice were subjected to a second trial with dissimilar objects. In this second trial, the discrimination index was determined from the time spent exploring the new object relative to the familiar object. Data represent means 6 SEM. * P 5 0.012. types in the mice reflects that in humans, we first performed a double staining with both anti-human apoC-I and anti-GFAP antibodies. Indeed, apoC-I was expressed in astrocytes, as shown by the colocalization of human apoC-I and GFAP in the hippocampal region (Fig. 5B) . Moreover, it was detected in endothelial cells, as revealed by double staining for human apoC-I and von Willebrand factor (Fig. 5C ). More specifically, human apoC-I was detected at the basolateral side of endothelial cells stained with anti-tomato lectin, a marker for microglia that also stains endothelial cells of blood vessels (46, 47) (Fig. 5D) .
The hAPOC1 1/0 transgenic and wild-type mice that participated in this study were littermates with a highly homogeneous genetic background, obtained by back-crossing to the C57Bl/6 background at least 10 times. The hAPOC1 1/0 mice appeared healthy, and there were no gross differences between the hAPOC1 1/0 transgenic mice and their wild-type littermates with respect to overall appearance, behavior in the cage, handling response, or body weight. The weight of the mice was 26.0 6 1.7 g for the hAPOC1 1/0 transgenic mice and 25.0 6 1.8 g for their wild-type littermates before the beginning of the behavioral experiments at the age of 12 months.
To examine the effect of human apoC-I overexpression on memory functions, hAPOC1 1/0 mice and wild-type littermates were subjected to the object recognition task. One hour after a first trial using two identical objects, the wild- Values represent means 6 SD, expressed in nmol/mg brain. Fig. 7 . hAPOC1 1/0 mice (n 5 9) display slightly impaired spatial learning in the Morris water escape task compared with wild-type littermates (n 5 14) as measured by distance to the platform (A) and escape latency (B). The hAPOC1 1/0 mice tended to swim slower, as measured by average swimming speed (C). Twenty-four hours after this trial, the mice were given a probe trial, in which the distance (D) and time spent in the quadrants (E; target quadrant and annulus) were measured. Data represent means 6 SEM. * P , 0.01. type mice were able to discriminate between the familiar and the new object (Fig. 6) . In contrast, the hAPOC1 1/0 mice failed to discriminate between the objects, as their discrimination index, which is a measure for selective exploration of a new object, did not differ from zero (hAPOC1 1/0 vs. wild-type, P 5 0.012). This indicates that human APOC1 expression in mice significantly impairs object memory. hAPOC1 1/0 and wild-type littermates were also subjected to the Morris water escape task to examine their spatial learning. Mice were subjected to a swimming trial, in which the platform was visible in a circular water tank. Subsequently, the platform was submerged and mice were subjected to the spatial discrimination training trial, consisting of four sessions per day on 4 successive days. Although the absolute differences between the wild-type and hAPOC1
1/0 mice on the measures distance swum and escape latency were relatively small, statistical analysis revealed reliable differences on both measures (both P , 0.01) (Fig. 7A, B) . This indicates that hAPOC1 1/0 mice acquired this task less well than the wild-type mice. There was no significant difference in average swimming speed between the groups (Fig. 7C) , although the hAPOC1 1/0 mice swam slower than the wild-type mice on the 2nd day (P , 0.05) (Fig. 7C) . In the probe trial, the hAPOC1 1/0 mice swam a shorter distance in the target quadrant (P , 0.05) (Fig. 7D) . There was only a marginal difference between the two groups for the time spent in the target quadrant (P , 0.09) (Fig. 7E) . These data suggest a modest impairment in spatial learning and memory in hAPOC1 1/0 mice. Because apoC-I is known to affect plasma TG, FFA, and total cholesterol levels, we determined brain phospholipid and sterol profiles to assess whether the presence of human apoC-I affects brain lipid metabolism and may thereby alter brain functioning. In the brain, fatty acids are mostly retained by phospholipids (48) (49) (50) . Therefore, we measured brain phospholipid levels in hAPOC1 1/0 transgenic and wild-type mice. No difference in phospholipid profiles could be detected between the two groups of mice ( Table 1) . As expected, serum sterol levels were increased in the hAPOC1 1/0 transgenic mice compared with their wild-type littermates ( Table 2 ). Yet, this was not associated with changes in brain sterol levels. As shown in Table 2 , the sterol distribution in brains of hAPOC1 1/0 and wild-type mice was comparable, except for a small but significant increase in the amount of the plant sterols campesterol (P , 0.05) and sitosterol (P , 0.05).
Because APOC1 is encoded by the same gene cluster as APOE and apoE levels in the brain may affect learning and memory processes (51-54), we determined the APOE mRNA levels in the brains of hAPOC1 1/0 and wild-type mice by QRT-PCR. No significant difference could be detected between the two groups ( Table 3 ). In addition, no differences were detectable in the protein levels of apoE in the brains of the two groups of mice, as determined by Western blotting (data not shown). In addition, assessment of the gene expression profiles of key regulatory, metabolic, and transporter genes involved in cholesterol metabolism [hydroxy-methylglutaryl-coenzyme A reductase (HMG-CoA-R), low density lipoprotein receptor, scavenger receptor class B type I, the ABC transporters ABCA1, ABCG1, and ABCG4, LCAT, phospholipid transfer protein, and cholesterol 24-hydroxylase] revealed no significant difference between the two groups of animals except for very limited changes in the levels of HMG-CoA-R and ABCG4 mRNA ( Table 3) . Expression of genes involved in fatty acid metabolism (fatty acid synthase, acetyl-CoA carboxylase 1, lipoprotein lipase, and stearoyl-CoA desaturase 1) also did not differ between the two groups of mice. Neither were there any significant differences between transgenic mice and wild-type mice in the expression of genes that act as regulators of lipid metabolism [liver X receptor-a (LXRa), the peroxisome proliferator-activated receptors PPARa and PPARg, the sterol-regulatory element binding proteins SREBP-1a, SREBP1c, and SREBP-2, and the carbohydrate response element binding protein], except for a very modest difference in the expression of 9-cis-retinoic acid receptor-a. Also, no differences were detected in the expression of genes involved in cellular stress (heme oxygenase-1 and apoJ) and inflammation (interleukin-6, tumor necrosis factor-a, and inducible nitric oxide synthase) (Table 3) . Amyloid precursor protein expression was slightly, but not significantly (P 5 0.09), reduced in the brains of hAPOC1 1/0 mice. However, in this case, there were six versus four samples.
DISCUSSION
Here, we provide evidence underscoring the hypothesis that the H2 allele of APOC1, giving rise to increased expression of the gene, is a risk factor for the development of AD (5-9, 16, 55, 56) . In hippocampal sections (CA1 region) of both control and AD subjects, apoC-I protein was detected in astrocytes as well as in endothelial cells lining the blood vessels, which is in agreement with previous observations (56) . We show that apoC-I colocalizes with Ab and with apoE in senile plaques in AD brains and that the aggregation of Ab is delayed in the presence of apoC-I in vitro. For the first time, we report that the expression of human apoC-I impairs learning and memory functions in mice, using hAPOC1 1/0 mice that display APOC1 mRNA throughout their brains and human apoC-I protein predominantly in astrocytes and endothelial cells lining the cerebral microvessels. In this regard, it is of interest that in H2 allelic AD patients, who are usually also apoE4 carriers, apoC-I protein levels in the cerebrospinal fluid were found to be significantly higher than in H1 allele carriers (56) .
We show that apoC-I inhibits Ab(1-40) fibril formation in vitro, whereas incubation with the apoA-I peptide does not, although apoA-I is present in senile plaques (57) . Surprisingly, apoC-I was found to exacerbate the Ab(1-40)-induced neuronal cell death. This was found only when apoC-I was preincubated with the Ab, suggesting the requirement of direct physical interaction between the two peptides. It is becoming more and more accepted that rather than the plaques, the soluble Ab is associated with impaired cognitive functions. Youssef et al. (58) reported that truncated Ab oligomers induce learning impairment and neuronal apoptosis. Thus, rather than reducing the toxicity of Ab, apoC-I seems to exacerbate it. The involved mechanisms remain to be clarified. Similar to apoC-I, apoE2 and apoE3, but not apoE4, form stable complexes with Ab in vitro (43, 59) . The role of apoE in the etiology of AD might be related to a protective role of apoE2 and apoE3 isoforms by complexing Ab and inducing the clearance of soluble Ab from the extracellular space, thus limiting Ab peptide aggregation and neurotoxicity. Therefore, APOE4 carriers may have two additional risk factors for AD, because APOE4 is in genetic disequilibrium with the H2 allele of APOC1 and the H2 allele is associated with increased apoC-I protein levels in the brains of AD patients (56) .
Compared with their wild-type littermates, the hAP-OC1 1/0 mice displayed impaired hippocampal-dependent memory functions, as indicated by the results obtained from the object recognition task and, to a lesser extent, the Morris water maze task. Learning tested in the spatial Morris water maze task, as applied in the present study, is generally accepted to be highly dependent on the neuronal plasticity of the hippocampus.
Previously, it was reported that homozygous hAPOC1
mice, but not hemizygous hAPOC1 1/0 mice, have a thinner hair coat than their nontransgenic littermates (20) . The test results in the water maze task may have been confounded by the mice becoming hypothermic, especially because transgenic female mice were used (60) . However, there were no differences in thermoregulation between the hemizygous hAPOC1 1/0 transgenic mice and their wild-type littermates, as their body temperatures remained comparable when they were kept for up to 6 h at 4jC.
The mechanisms underlying the observed effects of human apoC-I expression on cognitive function remain to be clarified. ApoC-I and apoE are produced by the same gene cluster (i.e., APOE/APOC1/APOC2/APOC4) on chromosome 19. ApoE has a major role in cholesterol transport (23, 61) , and in the brain it is thought to deliver cholesterol to neurons for the outgrowth of synapses (62) (63) (64) . ApoC-I inhibits the clearance of lipoproteins by interfering with their apoE-mediated receptor binding (23, 61) . Because apoE-knockout mice show impaired learning and memory functions (51) (52) (53) (54) , human apoC-I may affect cognitive functions by reducing the expression of mouse apoE in the brain or by counteracting the effects of apoE on lipid distribution within the brain. However, no differences were observed in brain apoE mRNA and protein levels between hAPOC1 1/0 and wild-type mice. Neither were there any differences detected in the distribution of apoE throughout the brain as determined by immunohistochemistry (data not shown). To obtain insight into a potential role of apoC-I in modulating the apoE-dependent transport and distribution of lipids, we determined sterol concentrations in the brain. However, whereas the levels of all sterols were increased in serum of hAPOC1 1/0 mice, only the levels of campesterol and sitosterol were slightly, but significantly, increased in their brains. The increased circulating sterol levels may explain the increased levels in the brain (65) . A very small, but significant, increase in mRNA levels of HMG-CoA was observed in the hAPOC1 1/0 brains, as well as in mRNA levels of ABCG4.
ApoC-I has profound effects on TG and FFA levels in the circulation, as a result of its inhibitory effect on the action of LPL (25) . LPL is also associated with neuronal and vascular endothelial cells within the brain (66) and may play a role in regeneration after brain injury and in neurite extension (67) (68) (69) (70) (71) (72) . In the brain, FAs are retained predominantly in phospholipids. However, we could not detect any effect of the expression of human apoC-I on total brain phospholipid profiles. The possibility remains that the effects of apoC-I on brain sterols and/or phospholipids are restricted to specific brain regions, such as the hippocampus, or specific cell types and therefore are missed in our analysis using whole brain homogenates.
APOC1 is a LXR target gene (73, 74) . LXRs play a key role in the regulation of cellular cholesterol metabolism (75) and inflammatory processes (76) . Two LXR isoforms (i.e., LXRa and LXRb) are expressed in the central nervous system (77), and we recently found that administration of the synthetic LXR agonist T0901317 to C57BL6/J mice induced murine APOC1 expression 2.7-fold in the brain (unpublished data), indicating an important role for apoC-I in the brain. Thus, naturally occurring LXR agonists, such as 24(S)-hydroxycholesterol, may modulate not only the expression of apoE (78) in the brain but also that of apoC-I. We have reported that apoC-I increases proinflammatory responses in mice and protects against mortality from bacterial infection by enhancing the early antibacterial response (79) . Given the fact that AD is an inflammatory disease, it is possible that a chronic increase of apoC-I levels in the brain (e.g., in subjects expressing the H2 allele) may lead to a chronic inflammatory state that contributes to the development of AD. Yet, no effects of human apoC-I on the brain expression of interleukin-6 and tumor necrosis factor-a were found under nonstressed conditions in our study. The amyloid precursor protein expression was reduced slightly in the hAPOC1 1/0 brains, but no significance (P 5 0.09) was reached, likely as a result of the small sample size (n 5 6 vs. n 5 4).
In conclusion, apoC-I is ubiquitously present in the human brain, colocalizes in plaques with Ab, and delays its aggregation in vitro. The expression of human apoC-I in the mouse brain results in impaired learning and memory processes. Therefore, it will be of interest to further investigate whether apoC-I has a modulatory effect on the development of AD.
